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The 72-kDa immediate-early 1 protein (IE1-72kDa) of human cytomegalovirus has been previously shown to
be posttranslationally modified by covalent conjugation to the ubiquitin-related protein SUMO-1. Using an
infectious bacterial artificial chromosome clone of human cytomegalovirus, we constructed a mutant virus
(BADpmIE1-K450R) that is deficient for SUMOylation of IE1-72kDa due to a single amino acid exchange in
the SUMO-1 attachment site. Compared to wild-type virus, this mutant grew more slowly and generated a
reduced yield in infected human fibroblasts, indicating that SUMO modification is required for the full activity
of IE1-72kDa. The lack of SUMOylation did not affect the intranuclear localization of IE1-72kDa, including its
ability to target to and disrupt PML bodies and to bind to mitotic chromatin. Likewise, SUMOQOylation-deficient
IE1-72kDa activated several viral promoters as efficiently as the wild-type protein. However, the failure to
modify IE1-72kDa resulted in substantially reduced levels of the IE2 transcript and its 86-kDa protein
(IE2-86kDa). These observations suggest that SUMO modification of IE1-72kDa contributes to efficient HCMV
replication by promoting the accumulation of IE2-86kDa.

Covalent attachment of ubiquitin (ubiquitylation) has long
been known to serve as a tag for protein degradation via the
26S proteasome (reviewed in reference 59). Additionally, a num-
ber of ubiquitin-related proteins have been recently identified
that are joined to other proteins through an enzymatic process
that is biochemically analogous to, but functionally distinct from,
ubiquitylation. Among the best characterized of these proteins
are the small ubiquitin-like modifiers SUMO-1 (SMT3C),
SUMO-2 (SMT3A), and SUMO-3 (SMT3B) (reviewed in ref-
erences 29 and 60). While SUMOylation does not typically
target proteins for degradation, it can have diverse effects on
its substrates. SUMO modification enhances the stability of
some cellular proteins (9, 16). In other cases, it modulates the
subcellular localization and/or transactivation properties of its
target proteins (reviewed in references 48, 67, and 71).

The list of substrates for SUMOylation includes an increas-
ing number of viral regulatory proteins (reviewed in reference
72). Protein products of bovine papillomavirus E1 (51, 52),
vaccinia virus E3L (56), adenovirus type 5 E1B (18), human
herpesvirus 6 IE1 (21), and Epstein-Barr virus BZLF1 (1), as
well as the major immediate-early proteins of human cytomeg-
alovirus (HCMV), the 72-kDa immediate-early 1 protein (IE1-
72kDa) and the 86-kDa immediate-early 2 protein (IE2-
86kDa) (5, 26, 44, 63, 73), have all been shown to be targets of
SUMO-1 conjugation. In addition, HCMV IE2-86kDa is mod-
ified by SUMO-2 and SUMO-3 (5, 26). While the functional
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consequences of SUMOylation are unknown for most of these
viral proteins, transfection assays indicate that SUMO-1 mod-
ification is critical for nuclear import of the papillomavirus E1
protein (52) and for the nuclear accumulation, intranuclear tar-
geting, and transforming functions of adenovirus E1B-55kDa
(18). In contrast, SUMOylation does not obviously affect the
subcellular localization of HCMV IE2-86kDa but enhances its
transactivation capacity (5, 26). The biological consequences of
SUMOylation for the life cycles of the respective viruses, how-
ever, remain to be determined, since in none of these cases has
the SUMOylation site been mutated in the viral genome to allow
for the study of this modification in the context of virus infection.

The UL123-coded IE1-72kDa and UL122-coded IE2-86kDa
are abundant nuclear phosphoproteins expressed from alter-
natively spliced transcripts that originate from the major im-
mediate-early locus of HCMV (reviewed in references 13 and
42). They share 85 amino-terminal amino acids corresponding
to major immediate-early exons 2 and 3 but have distinct car-
boxy-terminal parts encoded by exon 4 (IE1) or exon 5 (IE2).
Both proteins are believed to be important transcriptional reg-
ulators. IE2-86kDa interacts with multiple components of the
cellular transcription machinery, promiscuously activating a
wide range of viral and cellular promoters. Consistent with a
role as the principal transcriptional activator of the HCMV
lytic cycle, IE2-86kDa has been shown to be essential for early
viral gene expression and productive viral growth in tissue
culture (24, 38).

In transient-transfection assays IE1-72kDa can modestly
augment transcription from a number of viral and cellular
promoters, including the HCMV major immediate-early pro-
moter, various HCMV early gene promoters, the SV40 pro-
moter (reviewed in references 13 and 42), and the promoter of
the human origin recognition complex 1 (hOrc-1) gene (62).
Moreover, coexpression of IE1-72kDa can boost the transac-
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tivation capacity of IE2-86kDa. IE1-72kDa is not believed to
bind DNA directly but physically interacts with several cellular
transcription factors and other nuclear proteins, including
CTF-1 (23), Sp-1 (76), E2F1 to -5 (39), TAF 130 (37), p107
(49), Daxx (D. L. Woodhall, L. A. Teague, G. W. Wilkinson, S.
Efstathiou, and J. H. Sinclair, presented at the 28th Interna-
tional Herpesvirus Workshop, Madison, Wis., 2003), and PML
(2). The last two are key components of nuclear multiprotein
complexes known by several names: PML bodies, PML onco-
genic domains, or nuclear domain 10s (ND10s). ND10s have
been implicated as sites for input viral genome deposition as
well as for immediate-early transcription and initiation of viral
DNA replication in HCMV and a number of other DNA
viruses (reviewed in references 19 and 55). IE1-72kDa is
known to be necessary and sufficient to disrupt ND10s during
the early stages of HCMV infection and in transfected cells (4,
28, 31, 70). Intriguingly, IE1-72kDa can interact not only with
the interchromatinic ND10 structures but also with chromatin,
which results in colocalization with chromosomes during mi-
tosis (2, 32, 70). The significance of these interactions with
higher-order structures of the host cell nucleus is largely un-
known, but it is tempting to speculate that they are linked to
the transactivating properties of IE1-72kDa. Alternatively,
they may be related to one or more of the other activities that
have been ascribed to this viral protein. Specifically, IE1-
72kDa has been shown to stimulate viral DNA replication (47,
58), affect cell cycle progression (14), block apoptosis (75, 79),
cotransform cells to an oncogenic phenotype, and exhibit mu-
tagenic activity (61). IE1-72kDa also displays kinase activity
(46), and it is a dominant target for cell lysis by cytolytic CD8™
T lymphocytes (reviewed in reference 53). The various activi-
ties that have been attributed to IE1-72kDa do not yet show a
clear picture of this protein’s role in the context of the viral life
cycle. However, IE1-deficient mutant viruses display dimin-
ished replication efficiency, a decreased ability to form plaques,
an inability to generate intranuclear replication compartments,
and a broad defect in expression of viral early genes (20, 22,
43). This phenotype is especially pronounced when cells are
infected at a low multiplicity of infection. Taken together,
these observations suggest that IE1-72kDa is a pleiotropic reg-
ulator of the early events in the lytic infectious cycle whose
functions are modulated by posttranslational modifications as
well as noncovalent and covalent protein interactions.

Previous work has demonstrated that SUMO-1 conjugation
occurs at lysine residue 450 (K450) within a SUMOylation
consensus sequence in IE1-72kDa (63, 73). However, no func-
tional consequences of this modification have been revealed
(44, 63, 73). As is the case for all other known SUMOylated
viral proteins, no recombinant virus with a specific mutation of
the SUMOylation site in IE1-72kDa has been reported. Using
an infectious bacterial artificial chromosome (BAC) clone of
HCMYV, we constructed a mutant (pBADpmIE1-K450R) that
is deficient for SUMOylation of IE1-72kDa due to a single
amino acid exchange in the SUMO-1 attachment site, and we
describe the mutation’s phenotypic consequences.

MATERIALS AND METHODS

Cloning of IE1 expression plasmids. The plasmid pCGN-IE1 expresses
HCMV IEI1-72kDa fused to an amino-terminal influenza virus hemagglutinin
(HA) epitope tag under control of the HCMV major immediate-early promoter-
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enhancer (79). The plasmid pCGN-IE1-K450R was derived from pCGN-IE1 by
site-directed mutagenesis with the QuikChange procedure (Stratagene) accord-
ing to the manufacturer’s instructions. The oligonucleotides used for mutagen-
esis were K450R-fw (5'-GACACTGTGTCTGTCCGGTCTGAGCCAGTGTCT
G-3') and K450R-rv (5'-CAGACACTGGCTCAGACCGGACAGACACAGT
GTC-3"). Error-free mutagenesis was verified by DNA sequence analysis of the
entire IE1-72kDa-coding region.

For the construction of pEGFP-IE1, which expresses wild-type TE1-72kDa
fused to the carboxy terminus of the enhanced green fluorescent protein
(EGFP), the IE1-coding sequence was released from pCGN-IE1 with KpnI and
BamHI and inserted into the same sites of pcDNA3 (Invitrogen). From the
resulting plasmid, pcDNA-IE1, the insert was subsequently excised with HindIII
and BamHI and inserted in frame into the HindIIl and BamHI sites of
pEGFP-C1 (Clontech). To generate plasmid pEGFP-IE1-K450R, which ex-
presses the respective IE1-72kDa mutant fused to EGFP, pEGFP-C1 was cut
with Sacl and BamHI and ligated with the SacI-BamHI fragment from pCGN-
IE1-K450R.

Mutagenesis of HCMV genomes. HCMV mutants were produced by using a
BAC clone of the HCMV AD169 genome (AD169-BAC [25], referred to as
pBADwz in this publication). They were generated by homologous recombina-
tion in Escherichia coli with linear, PCR-generated DNA fragments (74, 77;
reviewed in references 12, 40, and 68).

For the generation of the IE1 knockout deletion mutant BADsubIE1, an
ampicillin resistance (amp) gene was excised from vector pST76A (50) by using
the restriction enzymes EcoRI and Notl and inserted into the Mfel and Notl
sites of vector pECFP-N1 (Clontech), downstream of the enhanced cyan fluo-
rescent protein (ECFP) gene. The resulting plasmid, pECFP-amp, served as a
template for PCR amplification of the ECFP-coding sequence linked to the amp
cassette by using purified primers that contained 50 nucleotides for homologous
recombination with the DNA sequences flanking IE1 exon 4 in addition to 20 or
21 nucleotides for hybridization with the PCR template (IE1-ECFP-amp-fw,
5'-AGGAGGACGGATACTTATATGTGTTGTTATCCTCCTCTACAGTCA
AACAGAATTCGGTGAGCAAGGGCGAGGAGCTG-3'; IE1-ECFP-amp-1v,
5'-GTGACGTGGGATCCATAACAGTAACTGATATATATATATACAATA
GTTTAGCAAGTGGCACTTTTCGGGG-3'). Additionally, an EcoRI site was
introduced into primer IE1-ECFP-amp-fw to facilitate identification of recom-
binant BAC:s by restriction digestion. Allelic exchange of BACs with linear DNA
fragments was carried out in E. coli strain DY380, which expresses the recom-
bination genes exo, bet, and gam of bacteriophage \ in a temperature-dependent
fashion, as described in detail elsewhere (34, 74). BAC DNAs from a number of
ampicillin-resistant colonies were prepared, digested with different restriction
enzymes, and separated on 0.6% agarose gels to verify the success of the recom-
bination procedure and the overall integrity of the viral genome. The accuracy of
mutagenesis was further confirmed by PCR and DNA sequence analyses.

For the construction of the IE1 point mutant BAC pBADpmIE1-K450R and
the revertant pBADrevIE1, a BamHI site was introduced into plasmid pCGN-
IE1 directly after the stop codon of the IEl-coding sequence by using the
QuikChange mutagenesis strategy (primers were IE1-B-fw [5'-GCAAGGCTG
ACCAGTAAGGATCCGTATATATATATCAG-3'] and IE1-B-1v [5'-CTGAT
ATATATATACGGATCCTTACTGGTCAGCCTTGC-3']) to generate pCGN-
IE1-B. Likewise, one EcoRI site was converted into a BamHI site in plasmid
pSLFRTKn (6) by using primers FKF-B-fw (5'-CGTCGTGGAATGCCTTCG
GATCCGAAGTTCCTATACTTTC-3") and FKF-B-rv (5'-GAAAGTATAGG
AACTTCGGATCCGAAGGCATTCCACGACG-3"). This was followed by ex-
cision of the kanamycin resistance (kan) gene flanked by FLP recognition target
(FRT) sites from this plasmid with BamHI and insertion into the BamHI site of
pCGN-IE1-B. The resulting plasmid (pCGN-IE1-B-kan) was used as a template
for QuikChange mutagenesis with primers K450R-fw and K450R-rv. This pro-
cedure resulted in plasmid pCGN-IE1-K450R-B-kan, containing two nucleotide
substitutions in the IE1-coding sequence, i.e., AAG to CGG in codon 450. All
mutations were verified by comprehensive DNA sequence analysis. Fragments
comprising the mutated IE1 sequences linked to the FRT-flanked kan gene were
PCR amplified by using templates pPCGN-IE1-B-kan and pCGN-IE1-K450R-B-
kan together with primers IE1-Kan-fw (5'-AGGAGGACEGATACTTATATG
TGTTGTTATCCTCCTCTACAGTCAAACAGATTAAGGTTCGAGTGG-
3") and IE1-Kan-rv (5'-GTGACGTGGGATCCATAACAGTAACTGATATAT
ATATATACAATAGTTTAAGGACGACGACGACAAGTAA-3'). Again, these
oligonucleotides contained an additional 50 nucleotides for homologous recombi-
nation. Linear recombination with the purified PCR products and pBADsubIE1 in
E. coli DY380 was performed as described above, and the integrity of BAC DNAs
(pBADpmIE1-K450R-kan and pBADrevIEl-kan) from ampicillin-sensitive, kana-
mycin-resistant bacterial colonies was confirmed by restriction digestion. DNAs from
selected BAC clones were subsequently transformed into E. coli strain DH10B, and
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kan cassettes were removed by FRT site-directed recombination with FLP
recombinase expressed from plasmid pCP20 (15). This plasmid replicates in
a temperature-dependent fashion, allowing FLP-mediated recombination at
30°C (permissive temperature) and its own elimination at 42°C (restrictive
temperature). Single colonies were screened for kanamycin sensitivity, and
BACs from selected colonies were further analyzed by restriction digestion
and DNA sequence analyses.

Cell culture and virus infections. The following cell types were used in this
study: primary human foreskin fibroblasts (passages 5 to 18), ihf-2 cells (a
fibroblast cell line that was immortalized by introduction of the human papillo-
mavirus E6 and E7 genes) (22), ihfiel.3 cells (a gift from E. Mocarski, Stanford
University), E6/E7-immortalized fibroblasts that stably express HCMV IE1-
72kDa (43), and the human non-small-cell lung carcinoma cell line H1299 (41).
All cells were cultured as monolayers in medium containing 10% fetal calf serum
at 37°C.

HCMYV was grown and titers were determined on fibroblasts by standard
procedures. For viral growth analyses, infected cells and culture medium were
combined and subjected to one freeze-thaw cycle followed by a short sonication
step, and virus titers were determined according to the median tissue culture
infectious dose method (54) on fibroblasts (BADwt and BADrevIEL) or ihfiel.3
cells (BADpmIE1-K450R). To reconstitute infectious virus from wild-type and
mutant viral genomes, BAC DNA was purified by using the NucleoBond plasmid
kit (BD Biosciences Clontech), and 2 pg of this DNA was transfected into
fibroblasts by electroporation as previously described (7). Along with the BAC
DNA, 1 pg of pCGN-pp71, which enhances the infectivity of HCMV DNA (7),
and 1 pg of the cre-expressing plasmid pBRep-Cre (25), to direct excision of the
BAC sequences from the viral genome, were included in the transfection mix.

Fluorescence microscopy. For indirect immunofluorescence analyses, subcon-
fluent fibroblasts received 5 g of plasmid DNA by electroporation as previously
described (7). Following transfection, cells were plated on coverslips. Alterna-
tively, cells were infected with BADpmIE1-K450R-1 or BADwt at a multiplicity
of 3 or 0.01 PFU/cell. At different times postinfection, cells were washed twice
with phosphate-buffered saline (PBS) and fixed with paraformaldehyde (2% in
PBS) for 15 min at room temperature, followed by three 5-min washes with PBS
and permeabilization with 0.1% Triton X-100 in PBS for 15 min. After three
washes in PBS the permeabilized cells were blocked for 1 h in PBS containing 2%
bovine serum albumin and 0.05% Tween 20. After that, samples were washed
once in PBS and reacted for 1 h at room temperature with the appropriate
primary antibodies in a humidity chamber, followed by three 5-min washes with
PBS and a 1-h incubation with the appropriate Alexa 488- or Alexa 546-conju-
gated secondary antibody (Molecular Probes). After three additional washes in
PBS, coverslips were mounted in slow-fade solution (Molecular Probes), and
images were acquired on a Nikon TE200 fluorescence microscope with a charge-
coupled device camera (Diagnostic Instruments) or a Zeiss LSM laser scanning
microscope. The primary antibodies used in this study were rat anti-HA purified
monoclonal antibody (3F10; Roche), mouse anti-IE1 monoclonal hybridoma
supernatant (1B12) (79), mouse anti-PML monoclonal hybridoma supernatant
(SE10) (65), and rabbit anti-Sp100 polyclonal serum (AB1380; Chemicon).

For live-cell visualization of EGFP fusion proteins, H1299 cells were grown on
glass-bottom dishes (MatTek), and approximately 50% confluent cultures were
transfected with 5 pg of plasmid pEGFP-IE1 or pEGFP-IE1-K450R by using a
modified calcium phosphate precipitation procedure. At about 48 h after trans-
fection, cells were stained with Hoechst 33342 according to the manufacturer’s
instructions, and confocal images were acquired on a Zeiss LSM 510 laser
scanning microscope. ECFP expressed from recombinant virus BADsubIE1-1
was detected 3 days after transfection of the respective BAC DNA (2 pg) into
fibroblasts by electroporation (7).

Reporter gene assays. For luciferase assays, subconfluent fibroblast monolay-
ers were transfected by using the Fugene 6 reagent (Roche) with 1 g of reporter
and 0.1 pg of effector plasmid DNA according to the manufacturer’s instructions.
Plasmid pCGN-IE2 expresses HCMV IE2-86kDa under control of the HCMV
major immediate-early promoter-enhancer and has been previously described
(79). The following reporter plasmids were used in this study: pGL3-Promoter
(Promega), pGL3-ICP36 (57), pGL3-MIEP (57), and pHsOrc1Luc (62). Infec-
tions (multiplicity of infection [MOI] = 3 PFU/cell) were performed 24 h after
transfection of reporter plasmids, and cells were collected at 18 h postinfection.

Western blot analyses. To assay the accumulation of viral proteins in HCMV-
infected cells, lysates were prepared at various times after infection by suspend-
ing equal amounts of cells directly in 2X sample buffer (100 mM Tris [pH 6.8],
200 mM dithiothreitol, 4% sodium dodecyl sulfate, 0.2% bromophenol blue,
20% glycerol, 40 pM N-ethylmaleimide), followed by heating of the samples at
95°C for 10 min, quick sonication, and additional heating at 95°C for 10 min.
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Aliquots were separated in sodium dodecyl sulfate-containing 10% polyacryl-
amide gels, and the proteins were transferred to nitrocellulose membranes.
Nonspecific binding was blocked by incubation in PBS containing 5% nonfat dry
milk for at least 2 h. After that, membranes were washed once in PBS and probed
with primary mouse monoclonal antibodies specific for the following viral or
cellular proteins for 1 to 12 h at room temperature or 4°C, respectively: a-tubulin
(DM1A; Sigma), IE1 (1B12) (79), IE1/IE2 (MABS810; Covance), SUMO-1
(21C7; Zymed), and ppULA44 (anti-ICP36; Virusys). After three washes with PBS
containing 0.1% Tween 20, membranes were incubated with anti-mouse immu-
noglobulins conjugated with horseradish peroxidase (Dako) for 1 h, followed by
three washes with PBS-0.1% Tween 20 and chemiluminescence detection (Super
Signal; Pierce).

Northern blot hybridization. Cells on 15-cm-diameter dishes were scraped
into 10 ml of Trizol reagent (Gibco Life Sciences) at the indicated times after
infection and stored at —80°C. After completion of the time course, samples
were thawed, and RNA was purified by using the Trizol protocol. Then, 10 pg of
each purified RNA preparation was electrophoretically separated on formalde-
hyde gels and blotted to Hybond N+ membranes (Amersham). DNA probes
were generated and nonradioactively labeled with digoxigenin-11-dUTP (Roche)
by PCR with the indicated cDNAs (IE1 exon 4, IE2 exon 5, UL37 exon 1, TRS1,
and UL44) in pGEM-T (Promega) (11) as templates and universal primers for
the T7 and Sp6 promoter sequences. Membranes were hybridized to the labeled
probes overnight at 42°C in DIG Easy Hyb buffer (Roche). Washing and anti-
body detection were performed as recommended by the manufacturer.

RESULTS

Construction of HCMV BACs with mutations in the IE1
gene. It has been previously demonstrated that posttransla-
tional modification of IE1-72kDa by conjugation to SUMO-1
occurs at a single acceptor site (K450), and mutation of K450
to arginine (K450R) results in loss of IE1-72kDa SUMOyla-
tion in transfected cells and in cell-free assays (63, 73). Based
on these observations, we employed the BAC system to intro-
duce two nucleotide exchanges into the viral genome that re-
sult in the expression of a K450R mutant IE1-72kDa. A three-
step strategy was employed, which allows for the introduction
of any point mutation into the viral BAC without requiring the
presence of restriction enzyme sites, further cloning, or shuttle
plasmids. Instead, the first two recombination steps were per-
formed by allelic exchange with linear, PCR-generated frag-
ments, and the third step involved site-specific excision by the
FLP recombinase. To our knowledge, this three-step method
has not been applied before to the mutagenesis of viral genomes.

In step one, we generated three mutant BAC clones
(pBADsubIE1-1 to -3) in which almost all of the IE1-specific
exon 4 sequence (except the nucleotides encoding the first
three amino acids and the stop codon) was replaced by an amp
gene and an ECFP-coding sequence (Fig. 1A). The ECFP
sequence was introduced to facilitate the identification of in-
fected cells by fluorescence microscopy and was inserted in a
way that permits splicing to major immediate-early exon 3 and
in-frame translation as a fusion protein comprising an 85-
residue amino-terminal peptide (expressed from major imme-
diate-early exons 2 and 3) and the fluorescent protein. Accord-
ingly, after transfection of pBADsublE1 DNAs into
fibroblasts, transfected cells displayed predominantly nuclear
fluorescence (data not shown), consistent with the earlier pro-
posal that amino acids 1 to 24 of IE1-72kDa comprise a nu-
clear localization signal (70). The identity and integrity of the
mutant BACs were further confirmed by restriction digestion
with different enzymes (Fig. 1B and data not shown) and PCR
analysis (Fig. 1C).

In step two, linear recombination was used to replace the
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FIG. 1. Generation and characterization of pBADsubIE1 mutant
BAGs. (A) Introduction of a targeted substitution mutation. The po-
sitions of restriction enzyme sites used for cloning are indicated by
capital letters (E, EcoRI; M, Mfel; N, Notl). Black block arrows,
ECFP, amp, and major immediate-early exon 4 or exon 3 DNA se-
quences, with the arrowheads pointing in the sense-strand directions;
hatched segments, introns that flank the IE1-specific exon 4, where the
crossover events (indicated by crossed lines) during homologous re-
combination in E. coli occurred; narrow arrows, PCR primers. Ele-
ments in this diagram are not drawn to scale. (B) Restriction digest
with EcoRI of DNA from the wild-type HCMV BAC and three inde-
pendent mutant BAC clones. In all three mutants, due to an EcoRI site
that was recombined with the ECFP-amp cassette, the 10,026-bp band
(arrowhead) present in the wild-type disappears. Instead, two bands of
8,035 bp (arrowhead) and 3,306 bp (not visible) appear. Markers are a
1-kb ladder. (C) PCR analysis with the wild-type BAC and one of the
mutant BAC clones or without template (H,O). PCR primers are
designated a, b, and ¢ (a, IEP3C; b, IEP4J; ¢, IEPSB) (30), and their
approximate positions within the HCMV major immediate-early re-
gion are indicated by arrowheads. Boxes represent exons of the
HCMYV major immediate-early region (the numbers 1 to 5 correspond
to major immediate-early exons 1 to 5) or the ECFP and amp genes
(coding sequences are shown in black, and noncoding sequences are
shown in white). Lines represent introns or other noncoding se-
quences. An ethidium bromide-stained 1% agarose gel shows PCR
products of the expected sizes amplified with the indicated primer
combinations and templates (lane 4, 1,158 bp; lane 5, 1,786 bp; lane 7,
3,105 bp). As predicted, the reactions in lanes 2, 3, and 6 did not result
in amplification products. Markers (lane 1) are a 1-kb ladder.
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FIG. 2. Construction and analysis of IE1 point mutant BACs and
viruses. (A) Diagram showing the recombination strategy that was
used to generate pBADpmIE1-K450R from pBADsubIE1. Boxes with
numbers represent major immediate-early exons 1 to 5. The ECFP,
amp, and kan genes are also shown as boxes. Open triangles symbolize
specific point mutations, and FRT sites are represented by small white
boxes with the letter F inside (coding sequences are shown in black,
and noncoding sequences are shown in white). Lines represent introns
or other noncoding sequences. (B) Restriction digests of wild-type (wt,
pBADwr) and mutant (K450R, pBADpmIE1-K450R; rev, pPBADrevIE1)
BAC DNAs (two independently generated clones per mutant are des-
ignated with the suffix -1 or -2) with EcoRI followed by electrophoresis
in a 0.6% ethidium bromide-stained agarose gel. All BAC preparations
show a wild-type pattern of restriction fragments. Markers are a 1-kb
ladder. (C) Western blot analysis with anti-IE1 antibody 1B12 and
whole-cell lysates from uninfected cells (Mock) or fibroblasts infected
with BADwt (wt), BADpmIE1-K450R-1 (K450R-1), and BADrevIE1-1
(rev-1) at an MOI of 3 PFU/cell. The blots show bands corresponding
to the SUMOylated and/or nonconjugated IE1-72kDa at 5 or 20 h
postinfection (hpi).

ECFP-amp cassette in pBADsubIE1-1 with an IE1 exon 4
sequence that was modified to contain the desired nucleotide
substitutions corresponding to the K450R amino acid change
(Fig. 2A). Attached to the mutated IE1 gene, a kan cassette
that was flanked by FRT sites was inserted, resulting in
pBADpmIE1-K450R-kan. In step 3, the FRT sites allowed for
subsequent excision of the kan gene by expression of the site-
specific FLP recombinase, thus leaving only viral sequences at
the mutation site and a small insertion of 54 nucleotides cor-
responding to a single FRT site (34 bp) plus the primer binding
site (20 bp) used for generating the PCR fragments (Fig. 2A).
Following this three-step procedure, two independent clones
of pBADpmK450R were generated. To control for potential
functional effects of the 54 nucleotide insertion, two revertant
BACs (pBADrevIE1) were constructed from pBADsubIE1-1
by using the wild-type IE1 sequence for allelic exchange.
Again, the identity and integrity of all recombinant BACs were
verified by various restriction digestions and DNA sequence
analysis (Fig. 2B and data not shown).

Infectivity of mutant BACs. We electroporated purified
pBADwt, pBADsubIE1, pPBADpmIE1-K450R, and pBADrevIE1
DNAs into permissive fibroblasts and monitored the trans-
fected cultures for plaque development due to reconstituted
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TABLE 1. Virus titers at 20 days after transfection of fibroblasts
with HCMV BAC constructs®

MUTANT HCMV DEFICIENT FOR SUMOylation OF IE1-72kDa

Virus titer (median tissue culture infective dose)

BAC construct In expt:

1 2 3 4
pBADwt 54 x10° 6.8x10° 32x10° 53X 10°
pBADsubIE1-1 0 ND? 0 0
pBADsubIE1-2 0 0 ND ND
pBADsubIE1-3 0 ND 0 ND
pBADpmIE1-K450R-1 5.0 X 10° 52X 10° 4.4 X 10° 28X 10°
pBADpmIE1-K450R-2 3.1 X 10° 1.0 X 10° ND ND
pBADrevIE1L-1 47X 10° 42x10° 6.1 x10° 3.0 X 10°
pBADrevIE1-2 7.9 X 10° 2.2 X 10° ND ND

“ Multiple independently generated mutant clones were tested.
? ND, not determined.

virus. The transfection experiments were repeated multiple
times with several independently generated BAC clones and
preparations to minimize the chance that negative results were
due to deficiencies in the integrity or quality of BAC DNAs.
After 7 to 10 days, nascent plaques could be identified, and at
14 days after transfection, infectious virus was quantified from
the supernatant of the cultures. In the four representative
experiments shown in Table 1, and in several additional trans-
fections, the pBADwt, pPBADpmIE1-K450R, and pBADrevIE1
clones consistently yielded infectious virus, although the titers
of the reconstituted wild-type and revertant viruses were about
10-fold higher than those of the K450R mutants. In contrast,
pBADsubIE] never generated detectable virus. The failure to
recover infectious virus from these transfections argues that a
functional IE1 gene is essential for the full infectivity of
HCMV BAC DNA. Moreover, these experiments show that
SUMO modification is not absolutely required for the function
of IE1-72kDa during lytic infection.

K450R mutant viruses display attenuated growth. After vi-
rus reconstitution from pBADwt, pBADpmIE1-K450R, and
pBADrevIE1, virus stocks for which the titers were determined
were prepared, and the lack of IE1-72kDa SUMOylation in the
K450R mutant virus was confirmed by Western blotting with
an IEl-specific monoclonal antibody (Fig. 2C). Even after
overexposure of the protein blot, no ~92-kDa high-molecular-
mass band, which has been shown previously to correspond to
SUMOylated IE1-72kDa (44, 63, 73), was present in the
K450R mutant under conditions where this species was easily
detected in cells infected with the wild-type and revertant vi-
ruses (Fig. 2C). Likewise, an antibody directed against
SUMO-1 could not detect any modified IE1 protein in cells
infected with BADpmIE1-K450R-1 (data not shown).

Subsequently, single-step (multiplicity of 3 PFU/cell) and
multistep (multiplicity of 0.01 PFU/cell) growth analyses were
performed. The single-step analyses were done both with com-
plementing, immortalized fibroblasts that stably express wild-
type IE1-72kDa (ihfiel.3 cells) (43) and with noncomplement-
ing parental cells (ihf-2 cells) (22). For the multistep growth
curves, primary fibroblasts were used. Compared to the wild-
type and revertant viruses, the IE1-K450R mutant displayed
slower replication at both low and high MOIs, with an about
10-fold difference in virus titers on noncomplementing cells
(Fig. 3A and B). These observations are consistent with the
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FIG. 3. Growth characteristics of SUMOylation-deficient IE1 mu-
tant HCMVs compared to wild-type and revertant viruses. Symbols
represent average values from two experiments performed in parallel.
Open circles, BADwt; open triangles, BADrevIE1-1; open squares,
BADrevIE1-2; filled squares, BADpmIE1-K450R-1; filled triangles,
BADpmIE1-K450R-2. (A) Growth kinetics after low-multiplicity
infection (0.01 PFU/cell) of fibroblasts. (B) Growth kinetics after
high-multiplicity infection (3 PFU/cell) of ihf-2 cells. (C) Growth
kinetics after high-multiplicity infection (3 PFU/cell) of complement-
ing ihfiel.3 cells.

results obtained by quantitation of reconstituted virus after
BAC transfection (Table 1). Importantly, the K450R-specific
growth defect was almost completely offset in cells exogenously
expressing IE1-72kDa (Fig. 3C). Moreover, in the multistep
experiment, similar growth defects could be detected with mu-
tant viruses derived from two independent pBADpmIE1-K450R
clones, while two different revertant viruses (BADrevIEl)
showed growth kinetics that were very similar to those of the
wild type (Fig. 3A). These results indicate that the observed
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phenotype of the K450R mutant viruses is a specific effect due
to the point mutation in IE1-72kDa, demonstrating that
SUMOylation of this viral protein promotes efficient virus rep-
lication in fibroblasts.

Subcellular localizations and nuclear interactions of the
IE1-72kDa mutant proteins. Previous work has shown that
modification by SUMO-1 is critical for the (sub)nuclear tar-
geting of some viral proteins (18, 52), and SUMOylation of the
cellular PML protein is known to be important for its associ-
ation with ND10s (17, 33, 45, 78). IE1-72kDa is transiently
colocalized with PML at ND10s in the first hours after infec-
tion, and subsequently the two proteins are redistributed, dis-
playing a uniform nuclear diffuse pattern (4, 28, 31, 70). Thus,
to investigate how SUMO conjugation contributes to the func-
tion of IE1-72kDa, we asked whether the SUMOylation-defi-
cient K450R mutant protein can still target to the nucleus and
disrupt ND10s as efficiently as wild-type IE1-72kDa. For this
purpose, we transfected fibroblasts with plasmids expressing
wild-type IE1-72kDa and IE1-K450R and performed double-
label immunofluorescence analyses with antibodies against the
IE1-72kDa and PML proteins. We found that IE1-K450R was
still able to efficiently target to the nucleus, localizing in a
diffuse pattern that was indistinguishable from the wild-type
pattern, indicating that the mutant protein retained the ability
to trigger the redistribution of PML (Fig. 4A). These observa-
tions confirm results of previous studies that have been carried
out with transfected cells (44, 63, 73).

To verify these observations in the context of an HCMV
infection, we exposed fibroblasts to equal amounts of the wild-
type and K450R mutant viruses (MOI = 3 PFUj/cell) and
monitored the temporal subnuclear distribution patterns of
IE1-72kDa and Sp100, an alternative marker for ND10s (66),
over a time course of 24 h. As expected, at 1 h after infection
Sp100 was found predominantly in the typical nuclear dot-like
staining pattern corresponding to ND10s, and there was no
detectable expression of wild-type or mutant IE1-72kDa (Fig.
5a to d and m to p). At 6 h postinfection, both the wild-type
and the IE1-K450R proteins accumulated in the host cell nu-
cleus. Both proteins were found to colocalize with Sp100 in
either nuclear diffuse or punctate patterns, indicating that at
this stage ND10 disruption was complete in some but not all of
the infected cells (Fig. 5e to h and q to t). Finally, at 24 h
postinfection, ND10 disruption was equally complete in all
cells treated with the BADwt or the BADpmIE1-K450R virus,
as the Sp100 protein was displaced from ND10s together with
wild-type IE1-72kDa and IE1-K450R in all infected nuclei,
although some less homogenous Sp100 staining remained (Fig.
Sitoland u to x). Similar results were obtained with infections
performed at a low MOI of 0.01 PFU/cell (data not shown).
These observations clearly show that lack of SUMOylation has
no detectable effect on ND10 disruption by IE1-72kDa.

Besides its interaction with interchromatinic ND10s, IE1-
72kDa is also known to interact with cellular chromatin, at
least during mitosis (2, 32, 70). Since infected cells do not
usually undergo mitosis (10, 35, 36, 69), we analyzed chromatin
association of wild-type and K450R mutant IE1-72kDa by
comparing the localizations of these proteins fused to EGFP in
living transfected cells. As shown in Fig. 4B, both the wild-type
(panel a) and the mutant (panel b) fusion proteins colocalized
very efficiently with condensed chromatin in transfected cells

J. VIROL.
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FIG. 4. Subcellular localizations and intranuclear interactions of
wild-type and mutant IE1-72kDa proteins in transfected cells. (A) Fi-
broblasts were electroporated with plasmid pCGN-IE1 (panels a to c)
or pCGN-IE1-K450R (panels d to f), and immunofluorescent double-
labeling was performed with mouse anti-PML (5E10) (panels a and d)
and rat anti-HA (3F10) (panels b and e) antibodies, followed by incu-
bation with anti-mouse Alexa 546 (panels a and d) or anti-rat Alexa
488 (panels b and e) conjugates and DNA staining with DAPI (4',6'-
diamidino-2-phenylindole) (panels ¢ and f). Magnification, <200.
(B) H1299 cells were transfected with plasmids pEGFP-IE1 (panel a)
and pEGFP-IE1-K450R (panel b), and DNA was stained with Hoechst
33342. Living cells that were both successfully transfected and under-
going mitosis were observed by live-cell confocal microscopy. Merged
images are shown, with single-color pictures presented as smaller in-
sets (EGFP, lower left corner; Hoechst 33342, upper left corner).

undergoing mitosis. Taken together, these results show that lack
of SUMOylation has no obvious effects on the subnuclear distri-
bution of IE1-72kDa, including its ability to target to and disrupt
ND10s and to associate with mitotic chromatin. Therefore, it is
unlikely that the observed growth defect of BADpmIE1-K450R
is due to an altered localization of the mutant IE1-72kDa.
Transactivating properties of the mutant proteins. IE1-
72kDa can activate transcription from a variety of HCMV and
other promoters in transient-transfection assays, on its own or
in concert with IE2-86kDa (reviewed in references 13 and 42).
IE1-72kDa is also required for efficient viral early gene expres-
sion in infected cells (20, 22). To investigate whether the
K450R mutation affects the transactivation capacity of IE1-
72kDa, we performed luciferase reporter assays in transiently
transfected cells by using various viral and cellular promoter
constructs. As expected, the wild-type IE1-72kDa protein was
able to activate the SV40 early promoter, the HCMV UL44
promoter, the HCMV major immediate-early promoter, and
the cellular hOrc-1 promoter by factors of 2.6 to 16.1, depend-
ing on the reporter construct (Fig. 6A). IE1-K450R displayed
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FIG. 5. ND10 interaction of wild-type and mutant IE1-72kDa
proteins in HCMV-infected cells. Fibroblasts were infected with
BADrevIE1-1 (atol) or BADpmIE1-K450R-1 (m to x) at a multiplicity
of 3 PFU/cell and fixed 1 h (a to d and m to p), 6 h (e to h and q to t),
or 24 h (i to 1 and u to x) later. Accumulation of IE1-72kDa proteins
and disruption of ND10s were monitored with antibody combinations
mouse anti-IE1 (1B12)-anti-mouse Alexa 488 (a, e, i, m, q, and u) and
rabbit anti-Sp100-anti-rabbit Alexa 546 (b, f, j, n, r, and v), respec-
tively. DNA was simultaneously stained with DAPI (c, g, k, 0, s, and w).
Merged images are also shown (d, h, 1, p, t, and x).

wild-type-like activity on all three viral promoters, although
transactivation was modestly reduced at the cellular hOrc-1
promoter (1.6- versus 2.8-fold activation) (Fig. 6A). Similar
results were obtained when the same promoters were tested
for synergistic activation by wild-type or mutant IE1-72kDa
and IE2-86kDa, although the SUMOylation-deficient protein
had a tendency to be a slightly more efficient activator in these
assays (Fig. 6B). To confirm these results in the context of viral
replication, we transfected cells with reporter plasmids and
then infected them with the wild-type, K450R, and revertant
viruses. As expected, there were no significant differences in
promoter activation by the three viruses (Fig. 6C). These re-
sults suggest that SUMOylation is not required for transacti-
vation of viral and cellular promoters by IE1-72kDa.
Reduced expression of IE2-86kDa in the IE1-K450R mutant
virus. The fact that we did not find significant differences
between the transactivating properties of the wild-type and the
K450R mutant IE1-72kDa in our reporter assays does not rule
out possible effects on viral gene expression due to differential
regulation of promoters that have not been tested or posttran-
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FIG. 6. Transcriptional activation by wild-type and mutant IE1-
72kDa proteins. Fibroblasts were transfected with luciferase reporter
plasmid pGL3-Promoter (SV40), pGL3-ICP36 (UL44), pGL3-MIEP
(MIE), or pHsOrclLuc (Orc-1). Bars represent average values and
standard errors from three separate transfections. Relative light units
are presented as percentages of the respective control value, which was
set to 100%. (A) Respective reporter plasmids were contransfected
with pCGN (black bars) (set to 100%), pCGN-IE1 (gray bars), or
pCGN-IE1-K450R (white bars). (B) Reporter plasmids were cotrans-
fected with pCGN (black bars) (set to 100%) (hardly visible in left
panel), pCGN-IE2 (gray bars), pCGN-IE2 and pCGN-IE1 (white
bars), or pCGN-IE2 and pCGN-IE1-K450R (hatched bars). (C) Trans-
fections with reporter plasmids were followed by infections with
BADwt (gray bars), BADpmIE1-K450R-1 (white bars), or BADrevIE1-1
(hatched bars) or mock infection (black bars) (set to 100%).

scriptional events. Therefore, we compared the levels of sev-
eral viral transcripts by Northern blotting at various times after
infection of fibroblasts with BADpmK450R-1 or BADrevIE1-1.
The expression kinetics of two immediate-early transcripts,
UL37 and TRS1 (Fig. 7A), as well as the early UL44 mRNA
(not shown), were indistinguishable between the mutant and
revertant viruses. However, the amounts of IE2 mRNA were
substantially reduced in the K450R mutant at all times assayed.
The levels of IE1 mRNA were also reduced, but to a lesser
extent (Fig. 7A). To investigate whether the reduced amount
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FIG. 7. Comparisons between the temporal pattern of viral RNA
and protein accumulation in cells infected with the K450R mutant and
a revertant virus. (A) Northern blots showing expression of HCMV
IE1, IE2, UL37 exon 1, and TRS1 genes at the indicated times (hours)
after infection (hpi) in fibroblasts infected with the revertant or K450R
mutant virus (3 PFU/cell). As a loading control, 28S and 18S rRNAs
were visualized by staining of the membranes with methylene blue
solution (0.04% in 0.5 M sodium acetate, pH 5.2). (B) Western blot
analysis showing expression of the HCMV IE1-72kDa (SUMOylated
and nonconjugated), IE2-86kDa, and ppULA44 proteins by using anti-
bodies MAB810 (for the IE1 and IE2 proteins) and anti-ICP36 (for
ppULA44), respectively, at the indicated times after infection with wild-
type and K450R mutant viruses (3 PFU/cell). A loading control (a-
tubulin, DM1A) is also included.

of IE2 mRNA led to the accumulation of less protein, we
monitored the accumulation of the major IE2 protein species,
IE2-86kDa, by Western blotting in extracts of cells infected
with BADpmIE1-K450R and BADrevIE1 (Fig. 7B). In accor-
dance with the results from our RNA analyses, the accumula-
tion of IE2-86kDa was markedly delayed and reduced in the
mutant, while the levels of IE1-72kDa were, if at all, only
slightly affected. In fact, there was no detectable IE2 protein up
to 24 h after infection with BADpmIE1-K405R at normal film
exposures, compared to readily detectable levels at 16 h postin-
fection with the revertant virus. However, after 48 h the accu-
mulation of IE2-86kDa approached wild-type levels, indicating
that production of the IE2 protein was delayed but not com-
pletely blocked (Fig. 7B). Surprisingly, expression of the UL44
early viral protein was not significantly affected (Fig. 7B), de-
spite the fact that [E2-86kDa has been unequivocally shown to
be required for viral early gene expression (24, 38). This is
most likely due to the fact that the small amounts of IE2 gene
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products that are detectable at the RNA (Fig. 7A) but not the
protein (Fig. 7B) level are sufficient to transactivate viral early
promoters. Interestingly, several independent experiments
with different antibodies showed that the SUMOylated form of
IE1-72kDa peaks in abundance at 10 to 18 h postinfection, a
time frame that correlates with the initial accumulation of
IE2-86kDa (Fig. 7B and data not shown). This observation
provides further support for the view that SUMOylation of
IE1-72kDa is linked to efficient expression of the IE2 gene
product. In summary, the growth defect of the IE1-K450R
mutant virus is, at least in part, due to delayed accumulation of
IE2-86kDa.

DISCUSSION

It is well established that IE1-72kDa is required for normal
progression of the HCMYV lytic cycle (20, 22, 43), but the exact
role of this protein in viral replication remains elusive. IE1-
72kDa, like the other abundant HCMV major immediate-early
gene product, IE2-86kDa, is a substrate for phosphorylation
(46) and covalent conjugation to the SUMO-1 protein (5, 26,
44, 63, 73) (Fig. 2C and 7B). We have demonstrated that at
least one aspect of its function requires SUMOylation.

Previously generated IE1-deficient viruses are null mutants
that have been constructed by homologous recombination in
mammalian cells followed by plaque purification (22, 43). In
this report we have described the construction and character-
ization of the first IE1 mutant virus generated by homologous
recombination in E. coli with a BAC system, and we have
generated the first virus with point mutations in the IE1-spe-
cific coding sequence. Given the multiplicity-dependent phe-
notype of IE1 null mutant viruses (3, 20, 22, 43), it is not
surprising that HCMV BACs lacking most of the IE1-coding
region (pBADsubIE1) failed to produce virus after transfec-
tion into noncomplementing permissive fibroblasts (Table 1).
However, we were consistently able to reconstitute infectious
virus from pBADpmIE1-K450R, demonstrating that SUMO
modification is not absolutely required for the infectivity of
HCMYV BAC DNA and productive viral replication (Table 1).
However, SUMOylation of IE1-72kDa clearly contributes to
the full activity of this protein at both high and low MOIs (Fig.
3). Therefore, it is conceivable that the SUMOylated and non-
conjugated forms of IE1-72kDa may perform distinct roles
during virus infection. The non-SUMOylated protein, which
represents the predominant IE1 species in infected cells (Fig.
2C), may provide the main function that facilitates viral early
gene expression and productive viral replication through
SUMOylation-independent activities such as transcriptional
activation of viral and cellular genes, ND10 disruption, and/or
chromatin binding (20, 22, 43, 63, 73) (Fig. 4 and 5). In con-
trast, the low steady-state levels of SUMOylated IE1-72kDa
evidently have an additional, supporting role that contributes
to efficient lytic viral growth.

Our results indicate that this supporting function is linked to
the induction of IE2 RNA accumulation (Fig. 7). This obser-
vation is somewhat surprising, since a previously characterized
IE1 null virus (CR208) did not exhibit significantly reduced
steady-state levels of IE2-86kDa (3, 20, 22). However, this
recombinant virus was derived from the HCMYV Towne strain,
and an earlier mutant (RC303AAcc), which was constructed in
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a Towne/Toledo hybrid virus background showed substantially
reduced accumulation of IE2-86kDa that was attributed to a
failure in autoregulation (43). Since BADpmIE1-K450R is the
first IE1 mutant virus that is based on HCMYV strain AD169, it
is conceivable that interstrain variations contribute to the dif-
ferences in the observed phenotypes. In this context it is inter-
esting that the IE2-86kDa proteins from different HCMV
strains have recently been shown to differ remarkably in vari-
ous biochemical and functional activities (8).

The effect of IE1 SUMOylation on IE2 expression is most
likely a posttranscriptional event rather than a result of tran-
scriptional activation, since both IE1 and IE2 are transcribed
from the major immediate-early promoter and only IE2 ex-
pression is strongly reduced in the K450R mutant virus, while
there is little or no effect on the IE1 RNA and protein levels
(Fig. 7). Moreover, the K450R mutation did not adversely
affect transactivation of the HCMV major immediate-early
promoter by IE1-72kDa in our luciferase reporter assays (Fig.
6). Interestingly, it has been previously reported that normally
discordant expression of the IE1 and IE2 genes at early times
after infection involves posttranscriptional processing events
(64). How SUMOylated IE1-72kDa exerts a posttranscrip-
tional function is presently unknown. However, it is tempting
to speculate that the SUMO moiety may mediate interactions
with components of RNA-processing complexes just like, for
example, SUMOylation of PML mediates the recruitment of
other ND10-targeting proteins such as Spl100, Daxx, and
CREB-binding protein (27, 78). Alternatively, it is conceivable
that SUMOylated IE1-72kDa alters the expression of another
viral or cellular gene product, which then influences the accu-
mulation of IE2 mRNA and protein. Irrespective of its mode
of action, our mutational analysis demonstrates that SUMOy-
lation of IE1-72kDa facilitates viral replication by enhancing
the expression of a second mRNA and protein, IE2-86kDa,
derived from the same transcription unit.
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